ABSTRACT. To elucidate the role of glycogen in the contraction of tracheal smooth muscle, we investigated the changes in the glycogen contents of the bovine trachea during contractions induced by high K + and hypoxia (achieved by bubbling N 2 instead of O 2 ), either in a glucose-free condition or in the presence of iodoacetic acid (IAA), an inhibitor of glycolysis. Hyperosmotic addition of 65 mM KCl (H-65 K + ) induced a sustained contraction. A glucose-free condition did not affect H-65 K + -induced contraction. However, hypoxia slightly inhibited the contraction, and glucose-free PSS with hypoxia or IAA remarkably inhibited the H-65 K + -induced contraction. H-65 K + induced a sustained increase in reduced pyridine nucleotide (PNred) fluorescence, representing glycolysis activity. Hypoxia alone slightly enhanced PNred fluorescence, and when combined with a glucose-free condition, it remarkably enhanced the H-65 K + -induced PNred fluorescence. IAA inhibited PNred fluorescence. In the presence of H-65 K + , a glucose-free condition, hypoxia and the combination of glucose-free PSS and hypoxia decreased the glycogen contents. However, IAA had no effect on glycogen contents. Although hypoxia or glucose-free PSS did not affect PCr and ATP contents, the combination of hypoxia and glucose-free PSS or IAA induced a gradual decrease of PCr content. In conclusion, we suggest that endogenous glycogen was utilized to increase the activity of glycolysis for maintaining high K + -induced contraction of the bovine trachea in the glucose -free and/or hypoxic condition.
Infectious bovine rhinotracheitis (IBR) and bovine respiratory disease complex (BRDC) induce respiratory dysfunction in dairy and beef cattle. Therefore, it is important to clarify the physiological and pharmacological characterization of bovine tracheal smooth muscle.
On the basis of the electrophysiological and mechanical behaviors, smooth muscles are classified into phasic and tonic muscles [13, 16, 27] . Phasic smooth muscles generate action potentials and depolarization with high K + , which induces an initial phasic contraction, followed by a decline to a low steady-state level [12] . Phasic muscles include the ileum, urinary bladder, uterus and vas deferens. In contrast, the excitatory electrical response of tonic smooth muscles is graded depolarization without action potentials. High K + -induced depolarization typically evokes a slowly developing sustained contraction in tonic muscles, which include the aorta and trachea. The contractile diversities among different smooth muscles appear to be attributed to variations depending on oxidative metabolism [6, 14] , as well as cellular protein expression [1, 3, 9, 18, 28] and electrophysiological responses [4, 30] .
Glucose has been thought to be the major energy source for smooth muscle, because it was more effective than fatty acids, amino acids or other carbohydrates in restoring contractility to substrate-depleted tissue [7] . Many researchers have used the guinea pig taenia coli, which include phasic muscles, as a means to investigate the role of endogenous glycogen contents and glycolysis activity in energy limiting conditions of smooth muscle contraction. Removal of glucose from the physiological solution (PSS) decreased contraction in the guinea pig taenia coli by high K + [2, 19, 29] . High K + -induced contraction decreased glycogen contents of the guinea pig taenia coli in various conditions [19] . However, hypoxia inhibited high K + -induced contraction with decreases of glycogen contents in the guinea pig taenia coli [19] . These data suggest that endogenous glycogen storage is catabolized to produce ATP, but catabolism of endogenous glycogen storage could not maintain high K + -induced contractions in the guinea pig taenia coli in energy-limiting conditions, such as hypoxia.
On the other hand, some researchers have shown that glucose-free PSS or hypoxia have little effects on contraction of vascular smooth muscle, such as the aorta and carotid artery [20, 23] , and it has been reported that endogenous glycogen storage is used to maintain muscle contraction in the carotid artery [11, 20] . However, the relationship between endogenous glycogen storage and the ability to main-tain contraction in tonic smooth muscles (such as vascular smooth muscle) in an energy limiting condition is not well known. Moreover, it has been shown that removal of glucose from PSS had no effect on contraction induced by high K + , which was maintained for 30 min, in bovine tracheal smooth muscle (tonic muscle) [10] .
Many researchers of smooth muscle function have noticed that the effects of energy-limiting conditions on muscle contraction differ depending on the type of muscle: phasic type (such as the taenia coli) versus, tonic type (such as the aorta and carotid artery). Clarifying the role of endogenous glycogen storage in maintaining tonic smooth muscle contraction under energy-limiting conditions is important for understanding the different effects of hypoxia and/or starving conditions in mammalian internal organs.
In the present experiment, we attempted to clarify the key role of glycogen storage in high K + -induced contraction in the bovine trachea by measuring muscle tension, reduced pyridine nucleotide (PNred) fluorescence, glycogen content, and phosphocreatine (PCr) and ATP contents.
MATERIALS AND METHODS

Muscle preparations and tension measurement:
Tracheas from adult bovine of either sex were obtained from a local abattoir. The smooth muscle was excised from the cartilage, and the epithelium and connective tissues were removed. The muscle strips (about 2 mm in width and 4 to 5 mm in length) were incubated with PSS containing (in mM) 136.8 NaCl, 5.4 KCl, 1.5 CaCl 2 , 1.0 MgCl 2 , 11.9 NaHCO 3 , and 5.6 glucose. The PSS was aerated with 95% O 2 and 5% CO 2 at 37°C to adjust the pH to 7.2. In some experiments, glucose was removed from the PSS. Hypoxia was induced by aerating the PSS with N 2 instead of O 2 .
Muscle tension was recorded isometrically. One end of each strip was bound to a glass holder, and the other end was connected by silk thread to a strain-gauge transducer (TB-611T; Nihon Kohden, Tokyo, Japan) in an organ bath containing PSS with a resting tension of 3 g. The muscle strips were equilibrated for 30 min to obtain a stable contraction induced by hyperosmotic addition of 65 mM KCl (H-65K + ). The developed tension was expressed as a percentage by assuming the values at rest in normal PSS to be 0%.
The following experimental procedure was performed. The muscle strips were precontracted with H-65K + for 15 min (to be 100%). After washing with normal PSS or glucose-free PSS, some strips were exposed to hypoxia or separate strips were added to iodoacetic acid (IAA; 1 mM). More after 15 min, all strips were re-addition of H-65 K + .
Measurement of reduced pyridine nucleotide (PNred) fluorescence: PNred fluorescence was measured as reported previously [25] . One end of the muscle was pinned to the bottom of an organ bath that was filled with 8 ml of PSS, and the other end was attached to a stainless warier with silk thread and kept horizontal in the organ bath. The muscle strip was excited with light at 340 nm, and the 470 nm emission was measured with a fluorometer (CAF-110; Japan Spectroscopic Co., Ltd., Tokyo, Japan) to detect PNred fluorescence. PNred fluorescence was expressed as a percentage by assuming the values at rest in normal PSS to be 0% and those at 15 min after addition of H-65 K + to be 100%.
Measurement of muscle glycogen: Glycogen contents in the muscles were measured as described previously [17] with some modifications. Briefly, the muscle strips were incubated with H-65 K + for 0, 10, 30 or 60 min in various conditions. After incubation with H-65 K + , the muscles were hydrolyzed in 30% potassium solution in a boiling water bath for 30 min. After cooling to room temperature, glycogen was precipitated in 60% ethanol for 30 min, and then centrifuged at 3,000 × g for 15 min. The precipitates were washed twice with 60% ethanol, and dissolved in 1.0 ml of distilled water. Glycogen was digested with amyloglucosidase for 2 hr at 40°C. The amount of released glucose was determined by the hexokinase/glucose-6-phosphate dehydrogenase method. The concentration of glucose is proportional to the increase in NADPH measured by the increase in absorbance at 340 nm. Muscle glycogen content was expressed as µmol glucosyl units/g wet weight.
Assay of creatine phosphate and adenosine triphosphate: Creatine phosphate (PCr) and adenosine triphosphate (ATP) contents in the muscle strips were measured by a high-performance liquid chromatograph (HPLC) as reported previously [8] . In brief, muscles were incubated with H-65K + for 0, 10, 30 or 60 min. After the incubation, the muscles were rapidly frozen in liquid nitrogen and stored at −80°C until being homogenized in 6% perchloric acid (0.9 ml). The homogenate was centrifuged at 15,000 × g for 5 min, and the supernatant was neutralized with 0.2 ml of 2M KHCO 3 . The neutralized extracts were spun once more, and 20 µl supernatant was applied to the HPLC.
The HPLC system (Shimazu Corp., Kyoto, Japan) consisted of a pump (LC-10AT), a system controller (SCL-10A), an auto injector (SIL-10AF), a column oven (CTO-10A) and wave length-selectable detector (SPD-10Ai) set at 216 nm. Chromatography was performed by µRPC C2/C18 ST (4.6 mm internal diameter and 100 mm length, GE Healthcare, UK, Ltd., Amersham Place, Little Chalfont, Buckinghamshire, England) using mobile phases of 50 mM KH 2 PO 4 and 5 mM tetrabutylammonium hydrogen sulphate (TBAHS) (pH 6.0, buffer A), and 50 mM KH 2 PO 4 , 5 mM TBAHS and 40% methanol (pH 6.0, buffer B). The flow rate was 1.0 ml/ min, and the elution started with 65% buffer A. In the first 14 min, buffer B was increased at 2.5%/min. This was followed by elution with 70% buffer B for 20 min and then with 100% buffer A for 10 min. These procedures were programmed with a system controller. The sensitivity of the detecter was usually set at 1.0 absorbance units full scale, and the oven temperature at 40°C. PCr and ATP contents are expressed as µmol/g wet weight.
Chemicals: The chemical used was iodoacetic acid (IAA, Wako Pure Chemical, Osaka, Japan).
Statistics: Values are expressed as mean ± SEM. Statistical analyses were performed by a two-way analysis of variance (ANOVA) followed by the Bonferroni post hoc test. P<0.05 or P<0.01 was considered significant.
RESULTS
Changes in muscle tension:
With the hyperosmotic addition of 65 mM KCl (H-65K + ) to the bovine trachea, the tension of muscle gradually increased its tension and reached a maximum after about 60 min. This muscle tension was maintained at a steady level for 90 min. Removal of glucose from the PSS did not change the H-65K + -induced contraction; however, hypoxia (bubbling with N 2 instead of O 2 ) slightly decreased it. On the other hand, the combination of glucose-free PSS and hypoxia or IAA (1 mM) remarkably inhibited the H-65K + -induced contraction (Fig. 1) .
Changes in PNred fluorescence in the high K + -treated muscles: As shown in Fig. 2 , the application of H-65 K + solution induced a sustained increase in PNred fluorescence, and glucose-free PSS had no effect. Hypoxia slightly enhanced the H-65K + -induced PNred fluorescence, and the combination of glucose-free PSS and hypoxia remarkably enhanced it. However, IAA inhibited the H-65K + -induced PNred fluorescence.
Changes in glycogen contents in the high K + -treated muscles:
In resting condition, the average glycogen content was 0.98 ± 0.1 µmol/g wet weight. As shown in Fig. 3 , application of H-65 K + solution did not change the glycogen contents for 90 min. Glucose-free PSS, hypoxia, and the combination of glucose-free and hypoxia remarkably decreased glycogen contents. However, IAA did not show any significant effect.
Changes in PCr and ATP contents in the high K + -treated muscles:
To evaluate the changes in total energy for muscle contraction, we measured PCr and ATP contents.
As shown in Fig. 4 , the application of H-65 K + solution did not affect the PCr and ATP contents for 60 min. Glucose-free PSS also did not affect the PCr and ATP contents. Hypoxia slightly but not significantly, decreased the PCr contents at 60 min. On the other hand, the combination of glucose-free PSS and hypoxia and, IAA remarkably decreased the PCr and ATP contents.
DISCUSSION
The data from the present study support the idea that utilization of endogenous glycogen plays a key role in increasing glycolysis to maintain the high K + -induced contraction on the bovine trachea in glucose-free PSS and/or hypoxia.
Removal of glucose from the PSS decreased tissue glycogen contents and remarkably inhibited the high K + -induced contraction in the guinea pig taenia coli (phasic muscle) [19] . In our study, glucose-free PSS decreased glycogen contents in the presence of high K + , but did not affect high K + -induced contraction in the bovine trachea (tonic muscle). These data appear to indicate that endogenous energy storage (including glycogen) is utilized to maintain high K + -induced contraction in substrate-free PSS in tonic muscle, but not in phasic muscle.
Ozaki et al. [26] reported that high K + -induced contraction was accompanied by an increase in oxidized flavoproteins (FPox) or PNred fluorescence in the guinea pig taenia coli. They suggested that the change in FPox fluorescence represented mitochondrial respiration activity and that PNred fluorescence represented glycolysis activity. They also showed that the glucose-free condition and addition of 2-deoxyglucose gradually decreased the increases in PNred fluorescence and muscle contraction induced by high K + in the guinea pig taenia coli. In the present study, PNred fluorescence in the bovine trachea was increased by high K + , but was not affected by a glucose-free condition. Moreover, glucose-free PSS did not affect the PCr and ATP contents of the bovine trachea in our study. These data also confirm the suggestion that endogenous glycogen storage is catabolized to maintain high K + -induced contraction in substrate-free PSS in the bovine trachea and that the amount or utilization of glycogen storage is different in the smooth muscle of the guinea pig taenia coli. There appears to be differences in the effects of hypoxia on high K + -induced contraction in different types of smooth muscle. In the guinea pig taenia coli, hypoxia almost completely inhibits high K + -induced contraction [5, 21, 22, 29] . However, hypoxia enhanced high-K + -induced increases of PNred fluorescence in the guinea pig taenia coli [25] . These PNred fluorescence increases in a hypoxic condition are, being called as the "Pasteur effect." Knull and Bose [19] showed that hypoxia decreased the glycogen contents of the guinea pig taenia coli in the presence of high K + . Moreover, hypoxia also decreased the PCr and ATP content of the guinea pig taenia coli in the presence of high K + [14] . These data imply that endogenous glycogen storage is catabolized to maintain glycolysis activity in the guinea pig taenia coli under hypoxic conditions, but the compensatory increases in glycolysis could not maintain the high K + -induced contraction. In our study, hypoxia also enhanced the high K + -induced increase of PNred fluorescence and decreased glycogen contents in the presence of high K + in the bovine trachea. Conversely, hypoxia slightly inhibited bovine trachea contraction induced by high K + , but did not affect PCr and ATP content in the present study. These data indicate that the endogenous glycogen content could be used to increase glycolysis to maintain high K + -induced contraction in the bovine trachea under hypoxic conditions.
The combination of glucose-free PSS and hypoxia is a more severe condition than glucose-free PSS or hypoxia alone in eliminating the energy source for maintaining muscle contraction. Glucose-free PSS or hypoxia diminished high K + -induced contraction in the guinea pig taenia coli [5, 21, 22, 29] , but not in tracheal smooth muscle. However, in the present study, the combination of glucose-free PSS and hypoxia inhibited high K + -induced contraction significantly from 20 min onward and reached a steady state at 70 to 80 min in the bovine trachea. However, the glycogen contents remarkably decreased within 10 min with either glucose-free PSS or hypoxia. The combination of glucose-free PSS and hypoxia remarkably decreased PCr and ATP contents within 10 min, which differed, from the results with glucose-free PSS or hypoxia alone. These results suggest that endogenous glycogen may be rapidly catabolized and used to produce ATP for maintaining muscle contraction in the bovine trachea in glucose-free PSS and/or hypoxia. However, in a severe energy-limiting condition, such as the combination of glucose-free PSS and hypoxia, endogenous glycogen may not produce enough ATP to maintain muscle contraction. In the present study, the glycogen content of the bovine trachea did not change for 60 min in the control condition. IAA, a glycolysis inhibitor, inhibited high K + -induced contraction with decreasing PNred fluorescence and, PCr and ATP content, but did not affect glycogen content of the bovine trachea. These data support the idea that exogenous glucose may be used with precedence to produce ATP for maintaining muscle contraction in an aerobic condition in the bovine trachea.
Paul et al. [26] reported that there was a correlation between the rate of aerobic glycolysis and the activity of the Na + -K + pump in smooth muscle. They showed oxygen consumption was strongly correlated with the level of active isometric force, so they speculated that oxidative phosphorylation was related to maintenance of muscle contraction [15] . It has been shown that the glycogen content of the guinea pig taenia coli is 2.05 to 2.9 µmol/g wet weight in the resting condition [2, 19] . On the other hand, the glycogen content of bovine trachea was 0.98 ± 0.1 µmol/g wet weight in the resting condition in our study. Hypoxia almost completely abolished high K + -induced contraction in the guinea pig taenia coli, but there was only slight hypoxia-induced relaxation observed in the bovine trachea. These data indicate that endogenous glycogen may be utilized to maintain muscle contraction in the bovine trachea, but is mainly utilized to maintain ion pump activity, such as the Na + -K + pump in the plasma membrane in the guinea pig taenia coli.
In vascular smooth muscles, such as the porcine carotid artery [20] or guinea pig aorta [24] , removal of glucose from the PSS did not affect high K + -induced contraction. Moreover, hypoxia did not affect high K + -induced contraction in the rabbit aorta [23] or porcine carotid artery [20] . These results also suggest that the production of ATP for maintaining muscle contraction in vascular smooth muscles is similar to that in the bovine trachea. However, some researchers have shown that the tissue glycogen content was decreased with high K + -induced contraction in the guinea pig taenia coli [19] and porcine carotid artery [11] under aerobic conditions. More studies should be conducted to investigate the compartmentalization of the pathways of exogenous glucose and endogenous glycogen utilization for maintaining muscle contraction in smooth muscles under energy-limited conditions.
In conclusion, it is suggested that endogenous glycogen is utilized to increase glycolysis to maintain high K + -induced contraction in the bovine trachea in glucose-free PSS and/ or hypoxia.
